This paper presents a novel methodology to investigate engine behaviour using an original numerical approach based on the direct temporal coupling between IFP-ENGINE, a 1D engine simulation tool used for the simulation of the gas exchange system, and IFP-C3D, a 3D CFD code used to simulate combustion and pollutant emissions. The coupling method is used to compute steady conditions of the whole engine dynamic system but could also be applied for transient operating conditions. To demonstrate the capabilities of the model a 4-cylinder turbocharged gasoline engine is modelled at two different operating points and the comparison with experimental measurements is shown.
INTRODUCTION
Requirements on the reduction of both pollutant emissions and fuel consumption make necessary the design of novel engine concepts, such as Homogeneous Charge Compression Ignition (HCCI) and Controlled Auto-Ignition (CAI). Experimental studies and computational tools are used to gain understanding of the engine behaviour under various conditions. The computational tools include 1D engine simulations and 3D detailed combustion codes.
1D calculations are generally used to simulate the complex behaviour of the whole engine system (fuel injection, gas exchange system, turbocharger, etc.). These 1D models can handle real time simulations for transient engine evolutions and can be used to develop relevant control strategies. 1D simulations are highly flexible and can be adapted for the complete range of operation points. However, they use phenomenological models and are not always predictive. These models contain several empirical parameters that need to be fitted with experimental data. 1D simulations can also be used to give initial (trapped mass) and boundaries conditions (wall temperature) needed by the 3D calculations.
On the other hand, 3D Computational Fluid Dynamics (CFD) calculations are used to investigate physical phenomena where 3D flow effects are prevailing. Optimisation of the geometry of complex engine components (such as intake and exhaust systems, and combustion chamber) requires the use of 3D calculations. Combustion and pollutant emission predictions require 3D simulations to take into account the fuel/air mixing process in the combustion chamber, the internal aerodynamic, the heterogeneous fuel distribution, and the chemical processes in the cylinder. All these 3D effects cannot be evaluated with 1D models alone. However, 3D simulations focus on a single component of the whole engine (the cylinder) without the dynamic interaction with the other components of the system.
As part of the virtual engine development, previous work has focused on linking 1D simulations with 3D calculations. In a previous paper, Bohbot et al. [1] have developed a coupled 1D/3D approach using 3D combustion calculation to generate or supplement the combustion mapping. The main advantage of this approach is to keep the CPU time low to allow for transient engine operation simulations. However, the dynamic interactions between 3D combustion calculations and the whole engine system cannot be evaluated. Sinclair et al. [2] have developed a direct 1D/3D coupling to compute the gas exchange system of a turbo-charged DI-diesel engine. They have treated the intake manifold and ports as a single 3D model while the rest of the engine was modelled by a system of 1D components. They developed a 1D/3D coupling interface and have obtained encouraging results. Their work shows that 3D modelling of a single component can be used in a full 1D system using an appropriate 1D/3D interface treatment. Similar coupling approaches have been followed by Borgh et al. [3] , Riegler and Bargende [4] and Wehr et al. [5] , who have developed 3D CFD models for the intake manifold, coupled with 1D engine models.
This paper highlights the development of a direct coupling between a whole 1D engine system and a 3D combustion code. As in [2] [3] [4] [5] , the basis of this coupling is to model a single component with a 3D modelling and to use 1D modelling for the rest of the engine. In this work we have chosen to model the combustion with 3D combustion modelling. Indeed, combustion phenomena are mainly driven by the 3D flow effects (fuel/air mixture, turbulence, flame propagation, spray) and 1D models cannot be sufficiently accurate to simulate these processes. The primary goal of the paper is to demonstrate the methodology and the feasibility of the coupling approach. In addition, small improvements in results are demonstrated, even though the homogeneous assumption for the initial mixture is used.
In the first part of this paper, the two different tools used are presented: the IFP-ENGINE library that contains all necessary components needed to create the whole engine system and the 3D CFD combustion code IFP-C3D. In the second part, the direct coupling approach is presented and validated on a basic single cylinder engine system. Finally, in the third part, an application on a 4-cylinder turbocharged gasoline direct injection engine is presented with encouraging results for future development. Numerical results are compared with experimental data to evaluate the 1D/3D coupled simulations.
NUMERICAL TOOLS
The two different simulation codes that have been used for this study are a 1-D model, the IFP-ENGINE library, allowing the simulation of a complete virtual engine, and a 3-dimensional combustion code that can be used for in-cylinder spray and combustion simulations. These two tools are briefly described in this section. The remaining components of the engine are simulated using 0-D models.
THE IFP ENGINE LIBRARY
The IFP-ENGINE library allows the simulation of a complete virtual engine using a characteristic time-scale of the order of the crankshaft angle. A variety of elements are available to build representative models for engine components, such as twin scroll turbocharger, gasoline or diesel injectors, etc. Figure 1 shows these IFP-ENGINE components. Moreover, the library uses an advanced modelling approach to take accurately into account the relevant physical phenomena taking place in the engine [6] .
Concerning the combustion process, a first level of modelling is available with an empirical model based on the Wiebe's law [7] . Generally, this model is used through a mapping of the combustion phenomena based on experimental cylinder pressure; the coefficients of Wiebe's law are calculated defining a map covering the engine operating conditions. The second level of modelling is given by efficient phenomenological models. For the spark ignition engines, the CFM-1D model is used [8] . This combustion model is based on the CFM combustion model [9] developed at IFP in the code IFP-C3D, presented in the next section. The coherent flame model (CFM) is a combustion model adapted to the flamelet regime for premixed mixtures. This approach is representative of the premixed flame combustion, which represents the main oxidation mechanism in spark ignition (SI) engines. To calibrate this model, 6 different physical coefficients must be defined to calculate the initialisation of the turbulence, the dissipation of the turbulence, the turbulence mixing scale, the flame wrinkling, the flame initial volume and the tumble value. The first 5 are constant coefficients, while the last one defining the tumble coefficient value can be defined as a function of the volumetric efficiency of the engine.
Figure 1: IFP-ENGINE Library
The heat transfer in the IFP-ENGINE combustion chamber can be simulated with different models. In this paper, the Woschni model [10] will be used, as it appears to be the more relevant for engine applications [11] .
THE IFP-C3D COMBUSTION CODE
In order to take full advantage of modern parallel superscalar machines (SMP machines), IFP has developed IFP-C3D, a solver designed for hexaedrical unstructured and parallel formalism [12] [13] [14] [15] .
The IFP-C3D code solves the unsteady equations of motion of a turbulent, chemically reactive mixture of gases, coupled to the equations for a multi-component vaporising fuel spray. The Navier-Stokes equations are solved using a finite volume method extended with an ALE (Arbitrary Lagrangian-Eulerian) scheme. IFP-C3D uses a time-splitting integration and the temporal integration scheme is largely implicit. Fuel evaporation, break-up, and spray/wall interactions are modelled using the Wave-FIPA model [13] . For turbulent combustion the 3-Zone Extended Coherent Flame Model (ECFM3Z), developed at IFP, is used [9, 16] . The burned gases composition and temperature is used in the model to compute flame characteristics as well as pollutant production. The RNG k-ε turbulence model with either the Diwakar or Angelberger wall laws are employed, depending on the fuel used (gasoline or diesel).
Species (and tracers), energy and RNG k-ε turbulent diffusion terms are all implicitly solved by a generic diffusion routine [17] . The conjugate gradient method with the SOR algorithm is used to reverse matrices, rendering parallelisation very efficient. The SIMPLE method is applied for solving the coupled pressurevelocity system. All gradient terms used for pressure and the Reynolds stress tensor are parallely computed. Moreover, preconditioning efficiently the pressure matrix [14] drastically reduces the simulation time. The convection terms are explicitly sub-cycled. A second order upwind scheme for scalars and momentum convection is used.
With the development of parallel computers the exploitation of parallelism in order to reduce the computational time has become a major goal. The data parallelism model selected, based primarily on the ratio between performance and development cost, is the OPEN-MP paradigm [18] , which is easy to implement, standardised, portable, and scalable. These reasons and the global evolution of the scientific computational world require development on SMP machines. After a profiling of the sequential version, it has been noticed that most of the CPU time is spent in the pressure solver and diffusion terms computation. Implementing OPEN-MP directives into them accounts for a parallelisation of approximately 50% of the IFP-C3D code. Finally, a very good and scalable speed-up of around 3, when 4 processors are utilised, is reachable for the benchmark cases. Details and extensive validation on the code can be found in [13] [14] [15] .
An automatic mesh generator is available in IFP-C3D to create 2-D and 3-D unstructured sector meshes with periodic boundary conditions. The code is fully integrated in the AMESim platform with a friendly graphical user interface (GUI) and automatic post-processing.
DESCRIPTION OF THE 1D/3D COUPLING APPROACH
The development of a direct coupling approach between two different tools requires the definition of the type of data that have to be transferred and the time scale of the synchronisation enforced by the physical system.
The main objective of this development is to model with 3D modelling only the combustion process (not the intake, exhaust and direct injection phenomena). An important assumption of this coupling approach is the homogeneous distribution of species in the combustion chamber. The time scale of the synchronisation is the combustion cycle duration (when intake and exhaust valves are closed).
The combustion data needed by the 1D engine system are the species mass consumption and the heat release histories during the combustion cycle. Effectively, when considering the mass fluxes in the combustion chamber, the total mass flux for each ENGINE gas can be expressed as: The total heat release is a combination of the heat release produced by thermal transfer at wall with the heat release produced by the internal combustion. These data have to be transferred from the 3D code to the ENGINE library. However the IFP-ENGINE library uses an assumption of three perfect gases (air, fuel, and burnt gases) whereas IFP-C3D utilises a mixture containing 12 gases (fuel, O 2 , N 2 , CO 2 , H 2 O, CO, H 2 , NO, OH, O, H, N). To ensure the gases compatibility between the two codes, IFP-C3D computes the mass of the 3 gases needed by IFP-ENGINE using the fuel mass, the O 2 mass, and the mass of the species produced by the combustion as described below : To complete the direct coupling method, we have defined a temporal staggered algorithm to manage the time lag between the two codes. As shown in Figure 2 , the staggered algorithm can be split in threes steps.
First, the engine gas exchange system is calculated by IFP-ENGINE. When IFP-ENGINE reaches the intake valve closure (IVC) angle, the calculation is stopped and IFP-C3D starts. Then the 1D library sends the IVC angle, the trapped mass and the mixture composition to the 3D code.
The second step is the 3D combustion calculation using the 1D information as boundary and initial conditions. The 3D calculation is stopped at the exhaust valve opening (EVO) crank angle. Then, IFP-C3D sends to the 1D library the heat release histories (combustion, wall transfer) and the species mass consumption histories. To manage the coupled calculation, the MPI 2 (Message Passing Interface) paradigm is used to create the link between the two codes. The MPI library is used with a master/slave mode. The master AMESim/IFP-ENGINE creates an intra-communicator with the IFP-C3D (slave) and can command and communicate with IFP-C3D at any time step. The master/slave mode allows the possibility to manage many slaves to extend the calculation for more than one cylinder but also to use 3D modelling to other single components (such as air box, 3D pipe, etc.).
VALIDATION OF THE COUPLING ALGORITHM
A first validation of the coupled algorithm is done in a basic engine system. This basic system contains a single cylinder with an indirect fuel injection. The engine model diagram is presented in Figure 3 . The 1D/3D coupling algorithm described previously is used for the modelling of the combustion. The axisymmetric mesh is generated with the internal mesher of IFP-C3D and contains 2000 cells. The initial mass fraction of fuel is set to null in the combustion chamber. The in-cylinder pressure is drawn in Figure 4 . As shown in this figure, the engine system is stabilising after few engine cycles when using the 1D/3D combustion modelling that assesses the stability of the staggered coupling algorithm. As explained in the previous section, the IFP-ENGINE library uses an assumption of 3 homogeneous gases while IFP-C3D uses 12 gases. The gas compatibility is ensured with the assumption that IFP-C3D burnt gases mass is equal to the IFP-ENGINE burnt gases mass. However, the IFP-ENGINE burnt gas mixture is obtained from a stoichiometric combustion and is quiet different from the burnt gases mixture obtained with the 3D combustion modelling. This difference leads to a lack of accuracy. Nevertheless, as shown in Figure 5 , the differences between pressure obtained with IFP-C3D and the pressure obtained with IFP-ENGINE using the 3D combustion modelling data are negligible.
APPLICATION ON A 4-CYLINDER ENGINE
Comparing model predictions with experimental measurements from a 4-cylinder turbocharged direct injection spark ignition engine has showed the validity and predictability of the coupled model. A twodimensional (2D) computational mesh of the engine geometry has been created, since both the fuel injector and the spark plug are centrally located. Subsequently, the 3D IFP-C3D model has been linked with the 1D AMESim simulation of the engine systems in order to run a full engine simulation. The total CPU time for one computation on an AMD 2 GHz processor was approximately 3 hours.
ENGINE CONFIGURATION AND OPERATING CONDITIONS
The main characteristics of the turbocharged gasoline direct injection engine are presented in Table 1 . Two operating points have been selected for comparison of the model results with experimental data, as given in Table 2 .
The volumetric efficiency is defined as the ratio of the mass of air admitted in the cylinder to the mass that could be admitted ideally for reference conditions (25°C, 1 bar), based on the cylinder volume. The values for Points A and B are relatively low because there is valve overlap during the intake stroke (the exhaust valves are still open when the intake valves are opening). The engine model diagram is presented in Figure 6 . Three gases are used to model the charge: fresh air, fuel vapour, and burned gases. The air path consists of pipes, volumes, and orifices representing the ducts manifold and piloted air throttle in the intake system. A heat exchanger is included to simulate compressed gas cooling. The engine block consists of the cylinder head with the intake and exhaust valves and four combustion chambers. The valve lift and permeability characteristics are taken into account. The turbocharger model is based on the manufacturer's maps. When the 1-D model is used for combustion, the CFM-1D model predicts the combustion process while Woschni's correlation is utilised to model heat transfer. Alternatively, the 3-D combustion model can be used, in order to provide more accurate combustion and emissions predictions.
3-D MODEL DESCRIPTION
The 3-D combustion simulation has been performed by utilising a 2-D computational grid of the combustion chamber geometry. The actual geometry and the 2-D grid are shown in Figure 7 . The fuel injector is centrally located at the top of the chamber and the spark plug is positioned a little bit lower, close to the centreline. The grid consists of 300 cells (20×15), since the goal was to demonstrate the capabilities of the model and not to obtain very detailed combustion results. The ECFM combustion model [14] has been used to predict the combustion in the cylinder. Since the model does not include valve motion and the fuel injection takes place during the intake phase, the fuel injection process is not simulated. In addition, the assumption that the entire mass of the fuel evaporates and the charge is homogeneous is made. As will be shown later this can cause discrepancies when comparing with experimental data, particularly in the cylinder pressure during expansion and in emissions predictions.
SIMULATION RESULTS WITH THE COUPLED MODEL
The coupled 1D/3D model has been evaluated against experimental data for the two points presented in Table  2 . As shown in the previous section, it takes a certain number of cycles for the model results to stabilise. This behaviour has been observed in both cases presented here. In Figures 8 and 9 , the cylinder pressure for Cylinder 1 is plotted against time. Depending on the conditions stability is achieved after 6-10 engine cycles. Once the model is stabilised, the results can be compared with experimental measurements. The instantaneous intake pressure predictions are first presented, compared with experimental measurements in Figures 10 and 11 , for Points A and B respectively. This comparison is important, in order to ensure that the correct pressure conditions are provided to the 3D combustion model. In both cases the comparison shows very good agreement between the model and experimental measurements, both in terms of phasing and in the magnitude of the fluctuation. In addition, the Coupled Model appears to have improved predictios, compared to the 1D model alone, which means that the initial conditions for the 3D calculation will be more accurate. Higher order frequencies are not captured by the model because they are caused by the geometrical details of the pipes between the admission plenum and the valves. These details have not been modeled here and a simple pipe element has been used instead, in order to provide correct average values for the pressure in the intake.
The cylinder pressure comparison between the experiment and the coupled model is given in Figures 12  and 13 for Points A and B. Only the closed part of the cycle is shown here, which was calculated with IFP-C3D. The agreement for Point A is very good, while in Point B the combustion is initially slower and the cylinder pressure is overpredicted during the expansion stroke. The overprediction is attributed to the fact that the fuel injection is not modelled and the mixture is assumed to be homogeneous in the 3-D calculation. In reality, mixture stratification leads to faster initial pressure rise and results in a slightly lower pressure in the expansion due to unburned fuel in the cylinder. The assumption of mixture homogeneity and its effect on the cylinder pressure also causes the Indicated Mean Effective Pressure (IMEP) to be somewhat higher than the experimentally measured value. However, the prediction is improved compared with the predictions of the 1D engine code, which is based on the CFM-1D model. This is demonstrated in Figures 14 and 15 , showing the cylinder pressure comparison between the coupled model and the 1D, CFM-1D combustion model. The 1D model tends to predict even higher cylinder pressure during the expansion stroke, due to the homogeneity assumption. In addition, in Figure 16 the IMEP for Points A and B is shown, measured experimentally, predicted by the coupled model and by the 1D model. Even though the computational mesh for the coupled model is very coarse and the fuel injection is not modelled the predictions of the engine behaviour are improved, especially for Point A. It is believed that the effects of stratification, due to higher fuel quantity, are stronger in Point B, therefore the coupled model does not perform very well. These results are encouraging, considering that in next stages of development direct fuel injection will be added and a finer mesh will be used, which will allow for more accurate predictions. Finally, the coupled model is predictive, due to the utilisation of a 3D combustion code, as opposed to the 1D approach, where the combustion model has to be calibrated to yield proper combustion characteristics.
EMISSIONS PREDICTIONS
One of the advantages of coupling a 1D engine simulation with a detailed 3D combustion code is the potential for more accurate emissions predictions, The unburned HC and NO X predictions do not show a consistent trend. The HC concentration is closer to the experimental measurements, in terms of absolute values, however the drop from Point A to Point B is strongly overestimated with the coupled model. Similarly, the increase in NO X concentration is overestimated with the coupled model, even though the absolute value for Point B is very close to the experimental one. On the other hand, with the 3D code alone, the transition trends from A to B are better captured, even though the absolute values are not as close to the experimental ones. The inaccuracies observed in the unburned HC and NO X predictions, for both models, could be attributed to the assumption of homogeneous mixture. The mixture stratification could locally affect combustion, leading to pockets of unburned fuel (producing unburned HC) and areas of very high temperatures (that result in high NO X concentrations). The classical approach to the problem would be to use a 1D simulation (with the CFM-1D combustion model) to determine the air mass flow rate to the cylinder, the residual burnt gas fraction, as well as the initial temperature and pressure of the mixture at the IVC timing. This information could be exported and used for the IFP-C3D calculation of one engine cycle, until the EVO timing. This method was followed for the pollutant estimates with IFP-C3D shown in Figures 17-20 . However, using a 1D combustion model to estimate the initial conditions in the cylinder introduces an uncertainty and also reduces the predictability of the model. Alternatively, the coupled model approach can be used to provide more accurate initial conditions for the CFD calculation. This is shown in Table 3 , where the residual gas fraction, the initial pressure, and temperature in the cylinder are given, as predicted by the 1D model and the coupled model. In addition, in Figure 21 , an example of the predicted burnt gas mass fraction in the cylinder is given, for Point A, to illustrate the differences between the 1D model predictions and the coupled model. In the 1D model the fuel is fully burnt, leading to higher residual fraction at the start of the next engine cycle. In contrast, the coupled model takes into account the incomplete burning of the fuel, resulting in eliminating some of the inaccuracies of the 1D model. This is illustrated in Figure  22 , where results from the 3D combustion analysis with the 3D model are presented, showing the flame propagation in the cylinder and the low temperature areas close to the cylinder liner and inside the piston bowl. The CPU time for the coupled model is directly proportional to the number of cycles required for the stabilisation of the engines's behavior. In the particular case studied here, the computational time was approximately 3 hours, as opposed to 5-10 minutes for the 1D model alone.
Point

CONCLUSIONS
A coupling approach between a 1D engine simulation software, and a 3D combustion code was developed in this work. The initial mixture for the combustion calculation is assumed to be homogeneous. Computational results were compared with experimental measurements for a 4-cylinder turbocharged gasoline engine. The agreement, in terms of engine performance and emissions predictions is very encouraging. The coupled model provides more accurate initial and boundary conditions for CFD calculations, compared with a 1D engine simulation software, leading to more accurate predictions of the engine behaviour.
FURTHER WORK
Several further developments of this work are under investigation:
• The approach presented in this paper could be extended to Diesel engines and stratified gasoline engines. However, for these engines, fuel injection has a major effect on combustion and therefore must be accurately predicted.
• Effect of the injection system on the combustion will be investigated in a further work. The pressure fluctuation in direct injection system will be taken into account for the 3D combustion calculation.
• Other components like the airbox, pipe will be modelled also with 3D modelling using a similar direct coupling.
